The Haynes-Shockley experiment allows direct measurements of the drift mobility, of the diffusion coefficient, and of the recombination lifetime of excess carriers in semiconductors. In order to obtain easier and more accurate measurements in a didactic laboratory, we designed a new setup for this experiment that uses electrical or optical injection of the excess carriers.
I. INTRODUCTION
The time-of flight method, first introduced by Haynes and Shockley 1 to measure the electron and hole mobility, is now a standard technique for investigating semiconductor properties. This experiment should be a basic one in an introductory solid-state laboratory course because it gives a direct and instructive picture of the excess carrier behavior.
While the experiment is conceptually very simple, it is usually not easy to execute due to some experimental difficulties that may spoil its didactic efficacy: the main problems are related to the point probes used to inject and to detect the excess charges.
In this paper we describe a new experimental setup that offers several advantages over the one we proposed some years ago. 2 The most important is the possibility of injecting the excess carriers not only by an electric pulse, as usual, but also by means of a short light pulse produced by an infrared laser diode.
In Sec. II we review the essential features of the HaynesShockley experiment, in Sec. III we describe our new experimental setup, in Sec. IV we give some experimental results for mobility and diffusion coefficients in Ge and Si, and in Sec. V, we give an example of how to obtain the recombination lifetime from the area of the collected pulses.
II. THE ORIGINAL HAYNES-SHOCKLEY EXPERIMENT
In the Haynes-Shockley experiment, a p-doped 3 semiconductor bar has two Ohmic contacts soldered at the ends. One of these bias contacts is grounded, and a negative voltage V s is applied to the other, 4 producing an electric field E S ͑sweep field͒ across the sample. Two metallic point probes E and C, separated by a distance d, are placed in contact with the sample as shown in Fig. 1 . These point-contacts are depicted as diodes D E and D C because they behave as partiallyrectifying contacts.
When a short ͑р1 s͒ negative voltage pulse V I is applied to the electrode E, with an amplitude sufficient to forward bias the diode D E , a burst of excess electrons is injected into the sample. Immediately, i.e., within a time of the order of the dielectric relaxation time ⑀/, where ⑀ is the dielectric constant and the electrical conductivity of the sample (⑀/Ϸ10 Ϫ12 s), this excess of negative charge is compensated by an equal excess of positive charge.
The sweep field makes the electrons and holes drift together 5 toward the grounded electrode with a mean velocity v d ϭ amb E S , where amb ϭ n p (pϪn)/( n nϩ p p) is the ambipolar mobility, which approximates the minority carriers mobility in sufficiently doped semiconductors.
After a delay t 0 those excess carriers that have survived recombination will reach the sample region underneath the point probe C. The diode D C , which is reverse biased by the resistor R b , acts as a collector for minority carriers ͑electrons in the present case͒. Therefore, a weak current of electrons flows through R b , and only when the burst of excess carriers reaches the collector region does this current increase, due to the larger density of free electrons, and a negative pulse across R b can be detected by an oscilloscope. Actually two peaks appear at the collector for each injected pulse ͑see the insert in Fig. 1͒ . The first peak ͑with amplitude and width similar to those of the pulse applied to the emitter͒ is due to the injection pulse propagating from E to C at the speed of light in the semiconductor material; therefore it is practically simultaneous with the injection pulse. The second peak is due to the excess carriers flowing past the collector and it is much smaller and broader, owing to diffusion and recombination processes.
Moreover, both peaks are superimposed on the fraction ␣V s (0Ͻ␣Ͻ1) of the sweep voltage V s , which is seen by the collector point. It is necessary to subtract from the collector signal the underlying sweep signal to be able to amplify and detect the small signal due to the excess carriers. This can be achieved by passing the collector signal through a differential amplifier, as described in Sec. III E.
The separation of the two peaks on the oscilloscope time scale yields the carrier time of flight t 0 . The drift velocity is then obtained as v d ϭd/t 0 and the mobility as
where V s is the sweep voltage, L the sample length, and E s ϭV s /L is the sweep field, within the approximation of negligible resistance for the end contacts. Information on the diffusion and recombination of the excess carriers can be obtained by measuring the width at halfmaximum ⌬t and the area A of the collected pulse. 
The setup described above is more or less the original one used by Haynes and Shockley and in all later versions of their experiment, 6 the main differences being in the choice of the particular devices used to produce the pulsed bias ͑re-quired to avoid excessive Joule heating of the sample͒, to generate the injecting pulse applied to the emitter, or to detect and record the pulse at the collector.
The didactic apparatus we previously used 2 was quite simple, but it offered limited values of the sweep field and of the amplitude of injection pulse, and therefore it was hardly usable with samples of low resistivity and/or short lifetime.
On the other hand, the injection efficiency through the point-contact electrode may be spoiled by wearing and oxidation of the point probe, 7 making the emitter behavior quite unpredictable. This difficulty may be completely avoided by producing the excess carrier through the internal photoelectric effect.
The electronics were therefore redesigned to avoid both these difficulties: our new setup includes the optical-injection mode, described in Sec. III, and the comparison between the two operating modes is made in Sec. IV.
III. EXPERIMENTAL APPARATUS

A. Optical injection
Photons with wavelength below the threshold value ϭhc/E g can interact with the electrons in the valence band of the semiconductor sample and generate electron-hole pairs in excess with respect to the equilibrium density. Therefore, we can obtain a suitable excess carrier burst, if we are able to produce a light pulse of sufficiently high intensity and small duration, and to focus it within a sufficiently small area of the sample.
Sufficient light intensity and focusing are offered by infrared laser diodes 8 coupled to 100-200 m diam optical fibers. The light power emitted by the laser is quite high ͑of the order of 10 W with a peak current of about 10 A͒ so that a sufficient light intensity can be obtained at one end of the optical fiber simply by placing the other end ͑enclosed in the standard ferrule͒ on top of the diode case, thus avoiding the painstaking alignment required to achieve optimum optical coupling. Even a reduction of 90% of the available power ͑peaking at more than 10 4 W/cm 2 ͒ leaves enough light output at the free end of the fiber. This end of the optical fiber is then positioned on top of the sample by means of the same simple device used in our old apparatus 2 to hold the needles that act as point contacts.
B. The double pulser
We built a double pulser for both electrical and optical injection. The improvements with respect to previous design are the following.
͑i͒ The sweep voltage may be pushed up to 50 V ͑or even to 100 V, in the high range mode͒, a noticeable advantage when the sample is very long and/or it has a very short recombination lifetime.
͑ii͒ The electrical injection pulse can be made very short ͑у100 ns͒, and its amplitude very high ͑up to 30 V above the sample potential in the emitter contact position͒, a feature that becomes important for short recombination lifetimes.
͑iii͒ Problems of instability of the emitter contact may be avoided by using optical injection, with the further advantage of a very short (10рt L р200 ns) duration and a large intensity, which is nearly proportional to the voltage bias of the laser diode.
The block diagram of the double pulser is shown in Fig. 2 . Block 1 is similar to the double pulser described in our previous paper. It provides the timing for the sweeping and, after an adjustable delay, both the injecting pulse and the LASER TRIGGER ͑electric or optical injection is selected by toggling the switches S1/S2͒. It is powered by a floating power supply of 32 V, and includes two current amplifiers: one for positive and one for negative injection pulses ͑adjust-able from 0 to 30 V͒ for the emitter point contact. The pulse polarity is selected ͑together with the sweep polarity͒ by the switches S5/S6. The detailed circuitry of block 1 is shown in Fig. 3 .
The sweep pulse is produced by connecting the semiconductor sample ends through switches S3/S4 ͑which select positive or negative polarity͒ to a second floating power supply ͑block 2͒, ranging from 0 to 50, or from 50 to 100 V, during the time of ''sweep on,'' by means of a power MOSFET driven by an optocoupler ͑block 3, Fig. 2͒ . The sweep duration is adjustable from Ϸ50 s to Ϸ500 s. The detailed circuitry of block 2 is shown in Fig. 4 .
C. Pulses for electrical injection
In order to make effective the point probe injection, the injection pulse signal V I must drive the point probe E at a voltage much lower ͑in the case of a P doped, or higher for an N doped sample͒ than the sample voltage at the E contact point. To produce a submicrosecond pulse with amplitude as high as 50 V ͑or 100 V͒ is not easy, because it does require a very high slew rate; therefore we chose to limit the pulse maximum amplitude within Ϯ30 V while adding it to the fraction of the sweep signal V S selected by the potentiometer P ͑1 k⍀͒ connected in parallel to the sample. The P wiper potential should be set equal to the sample potential V E at the Sconza, Galet, and Torzo contact point E ͓e.g., V p ϭ( 1 2 )V S when the emitter is placed on the midplane of the sample͔. This feature also makes the measurements simpler because, with constant V I amplitude, the emitter efficiency becomes roughly independent on the sweep field value.
D. Pulse for optical injection
The laser pulse is produced by fast discharging a bank of capacitors through the laser diode by means of several ͑up to eight͒ power MOSFETs connected in parallel ͑block 5, Fig.   5͒ . Each MOSFET may be separately enabled or inhibited by NAND gates and a multiple selector in order to trim the maximum current. For the C86150 laser diode the maximum current ͑about 16 A͒ is obtained using eight MOSFETs in parallel, but a sufficient performance is achieved even with only two MOSFETs.
The trigger signal for the discharge is obtained from the timing block 1 through a shaping circuit ͑block 6, Fig. 6͒ . In this block the laser trigger input ͑''Laser Trigger in''͒ is split into two signals: the first one is delayed by a constant amount by two 7414 inverters, the second one is delayed by Fig. 6 . Block 6. Laser trigger pulse shaper. an adjustable amount by a RC filter and a single inverter. Both are fed to a 74132 NAND gate that produces an output pulse ͑''Laser trigger out''͒ suitable to trigger the laser diode, and whose duration can be adjusted from 10 to 200 ns.
Another circuit ͑in block 6͒ produces an optoisolated TTL pulse whose front edge is synchronous with the laser current pulse, to be used as an oscilloscope trigger.
The laser output power may be adjusted by changing ͑in the range 4-32 V͒ the voltage V L across the condenser bank.
We monitored the light intensity at the fiber output using a fast photodiode ͑Motorola MRD 500 with zero bias voltage͒ and a current to voltage converter ͑see the insert in Fig. 7͒ . The amplitude of the V out signal ͑which is proportional to the light output intensity I͒, read on the oscilloscope screen, is presented in Fig. 7 as a function of the voltage V L . The shape of the I(V L ) curve is well fitted by a second-order polynomial and it is practically zero for V L ϭ6 V ͑threshold voltage͒.
E. The collector signal detection
In order to subtract the fraction of the sweep signal V S seen by the collector from the collector signal V C , we pass it through the differential amplifier shown in Fig. 8 , where we use a differential gain of 1 3 , to allow V C signal amplitudes as high as Ϯ45 V 9 without driving the operational amplifier inputs beyond the Ϯ15 V range of the power supply.
The output signal V 0 of the differential amplifier is finally displayed on the screen of a digital oscilloscope ͑e.g., Tektronix TDS 220͒ and recorded on a PC through an interface card.
IV. MEASUREMENTS OF THE MOBILITY AND OF THE DIFFUSION COEFFICIENT
A. Measurements with P-doped Ge samples
Figure 9 presents one waveform obtained, using optical injection, with a P-doped Ge sample whose dimensions are 3.60ϫ0.3ϫ0.3 cm 3 , and resistivity about 15 ⍀ cm. The measurement was taken with a sweep potential V S ϭ40 V, and a distance between the collecting point and the optical fiber end dϭ(7.1Ϯ0.1) mm ͑measured with a small telescope mounted on a micrometric screw͒. The laser voltage was V L ϭ8.8 V and the sample temperature 28.6°C.
The excess carrier injection slightly modifies the sweep field in the sample, and this affects the drift time t 0 and the half-maximum width ⌬t. To account for this effect, one must extrapolate the measured t 0 and ⌬t values to zero excess carriers injection. Figure 10 reports some measurements of t 0 and ⌬t taken while gradually reducing the laser diode bias voltage V L from 30 to 7 V ͑i.e., close to zero light injection͒.
The extrapolated values t 0 ϭ(17.2Ϯ0.1) s and ⌬tϭ(3.4 Ϯ0.1) s yield, for the drift mobility, ϭ(3715 Ϯ74) cm 2 V Ϫ1 s Ϫ1 and for the ratio of diffusion coefficient to mobility the value D/ϭ(0.027Ϯ0.002) V. The error intro- duced by the sweep field modification due to the injected carriers becomes negligible with moderate light injection ͑say V L р10 V͒.
One should introduce a further small correction because a fraction of the applied potential ͑sweep signal͒ drops across the contact resistances. For the present sample, the contact resistances are only 2% of the sample resistance, so that the effective V S value is 39.2 V and the calculated mobility becomes ϭ(3791Ϯ75) cm 2 V Ϫ1 s Ϫ1 and D/ϭ(0.0265 Ϯ0.002) V, to be compared with the known values ͑at T ϭ300 K͒: ϭ3900 cm 2 V Ϫ1 s Ϫ1 and D/ϭkT/eϭ0.026 V. Similar results may also be obtained using electrical injection. With the same sample and a moderate level of injection ͑amplitudeϷ10 V, widthϭ0.3 s͒ we obtained the waveform of Fig. 11 .
In this measurement the distance between emitter and collector was dϭ(6.05Ϯ0.10) mm, the sweep voltage V S ϭ40 V, and the sample temperature 26°C.
The measured time of flight is t 0 ϭ(14.3Ϯ0.1) s and the width at half-maximum is ⌬tϭ(3.0Ϯ0.1) s, yielding ϭ(3808Ϯ85) cm 2 V Ϫ1 s Ϫ1 and D/ϭ(0.0267Ϯ0.002) V. Correcting for the contact resistances ϭ(3885
B. Measurements on heavily doped Ge N sample " ‫1؍‬ ⍀ cm…
Due to the small resistivity, it was necessary to cut the sample as a long and thin bar (1.5ϫ1.5ϫ40 mm) to achieve a resistance of some hundred ohms. The sample was carefully polished with diamond and alumina powders and then etched in CP4 10 for several minutes in order to have a sufficiently long recombination lifetime.
The waveform obtained with a sweep voltage V S ϭ38 V, Lϭ40 mm, a distance dϭ(2.30Ϯ0.05) mm, and V L ϭ10 V, is shown in Fig. 12 . Fig. 11 . Waveform observed in a P-doped Ge sample (ϭ15 ⍀ cm) with electrical injection. 
C. Measurements with Si samples
Despite the small thickness ͑which strongly reduces the recombination lifetime͒, we were also able to measure drift mobility on Si P samples obtained by cutting a strip from a 300 m thick wafer and glueing the end contacts onto vacuum deposited Al pads with conductive epoxy.
A record of one waveform, taken with optical injection on an Si wafer with 20 ⍀ cm resistivity, is shown in Fig. 14
The measured values t 0 ϭ5.24 s, ⌬t/2ϭ0.70 s yield ϭ1137 cm 2 V Ϫ1 s Ϫ1 and D/ϭ0.033 V. Note the long exponential tail of the collector waveform, probably due to excess carriers recombining through ''slow traps.'' As a consequence, the width at half-maximum is here measured as twice the time interval between the halfmaximum value in the falling edge and the minimum of the waveform.
The contact resistances of these Si samples can be as high as 30% of the total resistance so that, in computing and D/, the effective V S value should be reduced by the same amount with respect to the applied voltage of 38.2 V. This correction increases ͑by Ϸ30%͒ the mobility estimation ͑ex-pected value Ϸ1400 cm 2 V Ϫ1 s Ϫ1 ͒ and reduces by the same amount the D/ value ͑expected value 0.026 V͒.
One measurement obtained with the same sample and electrical injection is shown in Fig. 15 
V. RECOMBINATION LIFETIME MEASUREMENTS
The recombination lifetime R is required to correct the measured mobility for the effects of diffusion and recombination. This correction is of the order of a few percent for the cases reported in this paper, but it can be more important when the sweep field and/or the drift distance d are very small.
With the Haynes-Shockley apparatus, one can measure R by evaluating the time decay of the excess carriers charge q(t), while keeping constant the injected charge q(0). The value of q(t) is proportional to the area A of the collected pulse, so that measuring A on different waveforms recorded at different times of flight allows us to trace the plot A(t), provided that q(0) is kept constant and that the collector efficiency is not changed.
The last condition is satisfied only if we keep fixed the collector point probe and if the sweep field is constant ͑the reverse bias of the point contact can be affected by the sweep field͒.
Therefore, to change the time of flight of the excess carriers, we can only change the position of the emitter. With electrical injection, this does not give a constant q(0) because the injecting efficiency of the point probe emitter is not reproducible.
With optical injection, by changing the position of the optical fiber we still introduce some random modulation in q(0) because the surface conditions, and consequently the number of photons injected into the sample, may vary along the sample, but no systematic changes, related to the time of flight value, are produced.
One measurement obtained with optical injection in Ge P (Ϸ16.5 ⍀ cm) is shown in Fig. 16 . The data were taken with Lϭ3.6 cm, V L ϭ17.9 V and V S ϭ24 V. The estimated lifetime is R ϭ(45Ϯ2) s.
VI. CONCLUSIONS
The Haynes-Shockley experiment is a very instructive tool for students, both at the university and college level, to Fig. 14 . Waveform observed in a P doped Si wafer (ϭ20 ⍀ cm) with optical injection. Fig. 15 . Waveform observed in a P doped Si wafer (ϭ20 ⍀ cm) with electrical injection. Fig. 16 . Recombination lifetime of a P doped Ge sample (ϭ16.5 ⍀ cm).
